Edge currents driven by terahertz radiation in graphene in quantum Hall
  regime by Plank, H. et al.
ar
X
iv
:1
80
7.
01
52
5v
1 
 [c
on
d-
ma
t.m
es
-h
all
]  
4 J
ul 
20
18
Edge currents driven by terahertz radiation in graphene in quantum Hall regime
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We observe that the illumination of unbiased graphene in the quantum Hall regime with polarized
terahertz laser radiation results in a direct edge current. This photocurrent is caused by an imbalance
of persistent edge currents, which are driven out of thermal equilibrium by indirect transitions within
the chiral edge channel. The direction of the edge photocurrent is determined by the polarity of the
external magnetic field, while its magnitude depends on the radiation polarization. The microscopic
theory developed in this paper describes well the experimental data.
INTRODUCTION
Conducting channels emerging at the edges of materi-
als with non-trivial topology, e.g., in the quantum Hall
regime or in two-dimensional (2D) topological insula-
tors, is at the core of the physics of 2D systems [1, 2].
One-dimensional chiral channels with persistent charge
currents circulating around the sample’s edges naturally
occur in 2D electron systems subjected to a quantizing
perpendicular magnetic field, i.e., at quantum Hall con-
ditions [3–6]. Graphene with its Dirac-like electron spec-
trum is a unique system for the study of edge channel
effects because the large cyclotron gap, essential for the
formation of edge channels, of 30 meV is achieved already
in the magnetic field below 1 T [7–12]. So far, the chi-
ral edge transport of carriers in graphene was studied in
the ballistic regime with suppressed scattering when the
current is driven by an applied voltage.
Here, on example of unbiased graphene, we show that
a direct electric current in chiral edge channels can be ex-
cited by terahertz radiation with photon energies smaller
than the cyclotron gap. The direction of this edge pho-
tocurrent is determined by the polarity of the exter-
nal magnetic field while the radiation polarization af-
fects only its amplitude. Such a photocurrent is demon-
strated to be caused by unbalancing persistent currents
when driving the system out of thermal equilibrium. The
mechanism of the photocurrent generation is microscop-
ically strikingly different from the previously reported
magnetic-field-induced photoelectric effects in graphene
structures which rely on the 2D motion of free carriers or
inter-band optical transitions. Such photocurrents gen-
erated due to the presence of dc or ac magnetic fields
include magnetic quantum ratchets in structures with
broken space inversion symmetry [13–17], cyclotron reso-
nance assisted edge photocurrents excited by infrared ra-
diation [18, 19], dynamic Hall effect and photon drag [20–
23], etc., for recent reviews see [24–26]. Analyzing the
magnitude of the chiral edge currents observed in the
present work we find that the relaxation time of non-
equilibrium carriers in chiral edge channels is two orders
of magnitude longer than the momentum relaxation time
of bulk carriers at zero magnetic field.
METHODS
Experiments are performed on Hall bar structures pre-
pared from exfoliated graphene/hexagonal boron nitride
stacks [27–29], see inset figure 1(a). At zero back gate
voltage the samples used have mobilities and hole densi-
ties of µ = 9.9×104 cm2/Vs, ps = 4×1010 cm−2 (sample
#1) and µ = 3.5 × 104 cm2/Vs, ps = 8 × 1010 cm−2
(sample #2) at T = 4.2 K. Varying the back gate volt-
age UG, we can tune the Fermi level with the charge
neutrality point (CNP) at a voltage of about 1 V. Note
that for different sample cool-downs, the CNP posi-
tion UCNP is shifted slightly. Therefore, to compare
various measurements we use the normalized gate volt-
age U effG = UG − UCNP. Figure 1(a) presents magneto-
transport measurements for two effective gate voltages
corresponding to p- and n-type conductivity. The data
show that the quantum Hall plateau with filling factor 2
is reached below 0.8 T. The variation of the carrier den-
sity and Fermi energy as a function of the effective gate
voltage is plotted in figure 1(b).
Edge currents are excited with normally incident ter-
ahertz radiation of pulsed molecular laser [30, 31] using
NH3, D2O and CH3F as active media and operating at
frequencies f = 0.6, 0.8, 1.1, 2.0, and 3.3 THz. The gas
laser is pumped by transversely excited atmospheric pres-
sure (TEA) CO2 laser and provides pulses with width in
the order of 100 ns and peak pulse powers in the order of
tens of kW. The peak power of the radiation was mon-
itored with photon-drag detectors [32]. The spot of the
terahertz radiation, measured with pyroelectric camera,
has an almost Gaussian profile and is about 1.5 - 3 mm
in diameter. Consequently, the micrometer sized Hall
bar structures are illuminated homogeneously with radi-
ation intensity of 5 - 200 kW/cm2 depending on the wave-
length. The orientation of the radiation electric field vec-
tor E(t) is controlled by crystal quartz λ/2 wave plates
and is defined by the azimuthal angle α′, with α′ being
the angle between the electric field of the radiation and
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FIG. 1. Magneto-transport results obtained for sample #1.
(a) Transverse resistance Rxy for two different gate voltages
corresponding to n- and p- type conductivity. The inset shows
the Hall bar geometry and the corresponding contact num-
bers. (b) Carrier densities ns, ps and Fermi energy εF as a
function of the effective back gate voltage UeffG .
the sample edge. By that for α′ = 0 E(t) is parallel to x
. An external magnetic field up to ±2 T is applied nor-
mal to the sample surface and parallel to the radiation
propagation. Photocurrents are measured with a digital
oscilloscope as a voltage drop across a 50 Ω load resistor
in samples, which are cooled down to T = 4.2 K.
RESULTS
Edge currents at zero magnetic field
A photocurrent excited by polarized radiation is de-
tected between different contact pairs along the long Hall
bar edges for all the frequencies used. Figure 2(a) shows a
typical dependence of the photocurrent at zero magnetic
field on the orientation of the electric field vector picked
up at the right edge of sample #1 (contacts 2-4), see the
inset in this panel. The strength and direction of the
photocurrent are controlled by the radiation polarization
varying with the azimuthal angle α′ as
J = JL sin(2α
′ + ψ) + J0, (1)
where JL and J0 are the amplitudes of the polarization
dependent and independent contributions, respectively.
Note that at zero magnetic field, J0 is much smaller than
JL and the phase ψ is close to zero. Changing the car-
rier type from electrons to holes reverses the direction of
the current, see figure 2(a). The variation of the ampli-
tude JL with the carrier density is shown in figure 2(b), in
which the dependence on the effective gate voltage U effG
is presented for two opposite edges. The inset in this
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FIG. 2. Photocurrents excited at graphene edges by radia-
tion with f = 3.3 THz. (a) Azimuthal angle dependence of
the normalized photocurrent measured in sample #1 between
contacts 2-4 (right edge) at zero magnetic field. Data are pre-
sented for two effective gate voltages UeffG corresponding to
n- (solid circles) and p- (open circles) type of conductivity.
Curves are fits after (1). Inset shows experimental setup. Ar-
rows on top of both panels illustrate states of polarization
for several angles α′. (b) Amplitude of the photocurrent JL
as a function of the effective gate voltages UeffG obtained for
opposite edges: left edge (contacts 8-6) and the right one (con-
tacts 2-4). The inset shows the longitudinal resistance Rxx
as a function of the effective gate voltage UeffG . Colored solid
and open circles indicate gate voltages used in the photocur-
rent measurements presented in figure 3. (c) Azimuthal angle
dependence of the normalized photocurrent J/I measured in
sample #2 for opposite edges. Curves are fits after (1). In-
set shows experimental setup. (d) Polarization dependence
of the photocurrent measured for the right edge at magnetic
field B = ±1 T, corresponding to the Hall plateau with fill-
ing factor 2. Solid curves are fits after (1), dashed curves are
calculated after (3) and (4).
figure shows the corresponding dependence of the longi-
tudinal resistance. This figure and figure 2(c) reveal that
the photoresponse is consistently of opposite signs for
the opposite edges and, therefore, originates from edge
photocurrents. Similar results were obtained previously
in large area low mobility samples [24, 33]. The origin
of the edge photocurrent at zero magnetic field will be
briefly addressed below.
3Edge currents in the quantum Hall regime
Driving the system into the quantum Hall regime by
application of a magnetic field we observed that the pho-
tocurrent behavior changes qualitatively. Now, in con-
trast to the discussed case of zero magnetic field, see fig-
ure 2(c), the photocurrent does not change its sign upon
variation of the electric field vector orientation, see fig-
ure 2(d). Its direction is defined by the magnetic field
polarity. It is, however, still consistently opposite for op-
posite edges confirming that the photoresponse is caused
by the edge currents, see inset in figure 3(c). To support
this statement we grounded all remaining contacts and
observed that this change in the electric circuit neither
affects the amplitude nor the polarization dependence of
the photocurrents measured (not shown).
Our measurements reveal that for all the frequencies
and gate voltages used, the polarization behavior of the
photocurrent in the quantum Hall regime is still de-
scribed by (1), but we obtain a substantial contribution
of J0 close to JL and a phase angle ψ close to 90
◦ as com-
pared to the data at B = 0. Furthermore and in contrast
to the zero magnetic field results, switching from n− to
p−type conductivity does not result in the inversion of
the edge photocurrent direction. This is shown in fig-
ure 3 for different carrier densities ns (solid circles) and ps
(open circles) and two radiation frequencies f = 0.6 THz,
in panels (a) and (b), and f = 3.3 THz, in panels (c)
and (d). Here, the carrier densities obtained from the
Hall slopes (not shown) vary from ps = 3 × 1010 cm−2
to ns = 7 × 1010 cm−2. The corresponding longitudinal
resistance in dependence on the effective gate voltage is
shown in the inset of figure 2(b).
Summarizing the experimental data, we conclude that
the observed photoresponse from graphene in the quan-
tum Hall regime stems from the edges channels and the
direction of the photocurrent along an edge is defined
solely by the magnetic field polarity.
DISCUSSION
Now we discuss the microscopic origin of edge pho-
tocurrents. Edge photocurrents at zero magnetic field
have been studied previously in low mobility graphene
samples [33]. Under this conditions, the dc current for-
mation involves the motion of the charge carriers under
the action of the ac electric field and the scattering at the
sample edge. The semiclassical theory of the edge photo-
galvanic effect [24, 33] shows that the dc electric current
is formed in the vicinity of the sample edge within the
width of about the carrier mean free path. The current
direction is determined by the radiation polarization and
is opposite for samples with electron and hole gases. In
the case of linearly polarized radiation, the polarization
dependence follows sin(2α′). Exactly this behavior is de-
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FIG. 3. Dependence of the normalized photocurrent on the
orientation of the radiation electric field vector, obtained for
the right edge of the sample #1. Data are shown for magnetic
fields B = ±0.8 T and gate voltages UeffG in the range from -
0.8 to 1 V. Panels (a) and (b) show data for frequency f =
0.6 THz, and panel (c) and (d) for f = 3.3 THz. Solid and
open circles correspond to electrons and holes, respectively.
Circle colors indicate the values of the effective gate voltage
UeffG , which are shown in the inset in figure 2(b). Inset in
panel (c) shows magnetic field dependence of the photocurrent
measured at right and left edges. Data are obtained with
α′ = 75◦ in sample #2 at excitation frequency f = 3.3 THz.
For |B| > 0.5 T the sample is in the quantum Hall regime,
highlighted by a gray background.
tected in our experiments on high mobility samples at
zero magnetic field, see figures 2(a)-(c).
The above mechanism, however, fails for the quan-
tum Hall regime, for which the Fermi level lies in the
gap between the Landau levels, the carriers are local-
ized, and the sample conductivity is determined by one-
dimensional edge channels. To uncover the mechanism
of the photocurrent generation, we start with the analy-
sis of the energy dispersion of graphene in the quantum
Hall regime. Figure 4(a) shows the energy spectrum of
a semi-infinite graphene sheet in the field B = 1 T cal-
culated in the microscopic model of [34] for the exem-
plary armchair edge. The bulk Landau levels are two-
fold degenerate in the valley index and have the energies
εn ∝
√
|n| sgnn, where n is an integer number. In the
figure 4(a) this corresponds to klB ≫ 1, where k is the
wave vector along the edge defining also the position of
the electron orbit in real space and lB is the magnetic
length. At the edge (klB . 1), the atomically sharp po-
tential couples the Landau levels from the K and K ′ val-
leys, which leads to the formation of “valley-symmetric”
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FIG. 4. (a) Schematic illustration of the terahertz radia-
tion induced edge current in graphene quantum Hall insula-
tor. Panel shows the calculated spectrum of Landau levels
in graphene with an armchair edge. The energy is given in
absolute units corresponding to B = 1 T, the dashed line
illustrates the position of the Fermi level for small positive
effective gate voltages resulting in n-type conductivity. The
photocurrent emerges as a result of electron transitions be-
tween states with different velocities under absorption of a
photon (thick arrow). (b)-(c) Zooms of electron dispersion
with illustration of possible mechanisms of intraband photon
absorption. The solid arrows illustrate interaction with the
electro-magnetic field, whereas the dashed arrows stand for
scattering by static impurities or phonons.
and “valley-antisymmetric” edge states denoted by n+
and n−, respectively, in figure 4(a). The energy spec-
trum mirrors with respect to zero energy providing that
the edge potential preserves the particle-hole symmetry.
We note that the Zeeman splitting in graphene is much
smaller than the cyclotron energies for the studied range
of magnetic fields and is therefore neglected.
Consider now the excitation of the graphene structure
by terahertz radiation, see figure 4(a). This sketch cor-
responds to the experimentally relevant situation of the
quantum Hall plateau with the filling factor ν = 2 (due to
the account for spin degeneracy) achieved for |B| ≥ 0.5 T,
see figure 1(a). In this case, the Fermi level lies between
the n = 0 and n = 1 orbital bulk Landau levels and the
energy gap between the Landau levels exceeds the pho-
ton energy used in the experiments. The absorption of
photons occurs then in the edge channels as the result
of indirect (Drude-like, where the momentum conserva-
tion is satisfied by the interaction with static impurities
or phonons) optical transitions, as shown in figure 4(a).
In these processes, electrons in the initial states with the
velocity v1 below the Fermi level make transitions to the
final states with the velocity v2 above the Fermi level.
The difference in the velocities v1 and v2 stemming from
the dispersion of the edge states results in the formation
of a dc electric current along the sample edge. In the
relaxation time approximation, the edge photocurrent is
given by
j = q
4pi
~
∑
k,k′
[τedge(εk′)vk′ − τedge(εk)vk]× (2)
×|Mk′k|2(fk − fk′)δ(εk′ − εk − ~ω),
where q is the carrier charge (q < 0 for the n-type conduc-
tivity), k (k′) is the wave vector of the initial (final) state,
εk and vk = (1/~)dεk/dk are the energy and the group
velocity, respectively, Mk′k is the matrix element of the
indirect intralevel transitions, fk is the equilibrium distri-
bution function, and τedge is the relaxation time of elec-
tron excitations in the chiral edge channels. As follows
from (2), the edge photocurrent emerges if the products
τedgev are different for the initial and final states. The
general expression for j can be simplified if ~ω ≪ εF ,
where ~ω is the photon energy and εF is the Fermi en-
ergy counted from the zero Landau level in the bulk. In
this case, the edge photocurrent can be presented in the
form
j = q
[
vF
∂τedge
∂ε
(εF ) + τedge(εF )
∂v
∂ε
(εF )
]
wI , (3)
where vF is the edge-state velocity at the Fermi level, w
is the absorption width of the channel, and I is the ra-
diation intensity. The product wI is the power absorbed
by the edge of the unit length.
Equation (3) describes the main features of the edge
photocurrent observed in the experiment. First, it shows
that the photocurrent direction is determined by the
magnetic field and is reversed when the magnetic field
sign is switched. Indeed, the replacement B → −B re-
sults in the reverse of the edge-state velocity v and its
derivative ∂v/∂ε, while τedge and its derivative ∂τedge/∂ε
remain unchanged. Hence, the photocurrent reverses its
direction. This is in agreement with figures 2(d) and 3,
which show that the current directions are opposite for
positive and negative B.
Second, for a fixed magnetic field polarity, the edge
photocurrents given by (3) in n- and p-type structures
flow in the same direction. Figure 4(a) illustrates the
mechanism of the current generation for the filling fac-
tor ν = 2 in the electron system which is realized for
a positive effective gate voltage. At a negative effective
gate voltage, see figure 1, we observe the quantum Hall
5plateau with the hole filling factor ν = 2, which corre-
sponds to the Fermi level lying between the n = −1 and
n = 0 bulk Landau levels (in the electron representation).
In this case, the photocurrent is formed by hole excita-
tions in the hole edge channels. Importantly, the charge
photocurrent j is excited in the same direction as for
the electron case because both the carrier charge q and
the edge-state velocity vk ∝ ∂εk/∂k reverse their signs.
Such an invariance of the edge photocurrent with respect
to charge conjugation is also in agreement with the ex-
periment. The data for different gate voltages shown in
figure 3 demonstrate that the photocurrent direction does
not depend, indeed, on the type of carriers.
The observed polarization dependencies see figures 2
and 3, are determined by the polarization dependence of
the edge-channel absorption width w in (3). We calculate
it for the indirect intralevel optical transitions sketched
in figure 4(a). These are second-order processes which
require the simultaneous electron-photon interaction and
electron scattering by static impurities or phonons to sat-
isfy the energy and momentum conservation [35]. The
indirect transitions are theoretically described by vir-
tual processes through intermediate states which can be-
long either to the same level or to other levels in the
conduction or valence bands. Figures 4(b) and (c) illus-
trate such virtual transitions with the solid and dashed
curves denoting the electron-photon interaction and the
electron scattering, respectively. The virtual transitions
with intermediate states in the same level, figure 4(b), are
induced by radiation polarized along the edge whereas
other virtual transitions, see figure 4(c) as an example,
can be induced by both parallel and normal to the edge
components of the radiation electric field. Such a polar-
ization sensitivity of the optical transitions for linearly
polarized radiation leads to the linear dichroism where
the polarization dependence of the absorption width is
given by
w = w‖|e‖|2 + w⊥|e⊥|2 =
w‖ + w⊥
2
+
w‖ − w⊥
2
cos 2α′ ,
(4)
where w‖ and w⊥ are the absorption widths for the radia-
tion polarized along and normal to the edge, respectively,
and e is the unit vector of the radiation polarization. At
~ω ≪ εF , the transitions excited by the electric field
parallel to the sample edge dominate over the transitions
excited by the electric field normal to the edge, and hence
w‖ ≫ w⊥. The polarization dependence of the edge pho-
tocurrent given by (3) and (4) is shown in figure 2(b) by
dashed lines and fits reasonably well the experimental
data. The experimentally observed phase shift, which
is small for low densities and radiation frequencies, and
more pronounced at high densities and frequencies, see
figure 3, may be caused by electron gas heating. We also
note that, for elliptically or circularly polarized radia-
tion, the optical transitions are sensitive to the sign of
circular polarization. Therefore, we expect the circular
dichroism in the edge channels and the contribution to
the edge photocurrent sensitive to the photon helicity.
Finally, we compare the photocurrent magnitude de-
tected in the experiment with that expected from the
microscopic model. The absorption width of a chiral edge
channel for the indirect optical transitions accompanied
by electron scattering from randomly distributed defects
can be estimated as w ∼ αlB/(√ns v0τp), where α is the
fine-structure constant, lB =
√
~c/|qB|, v0 and τp are
the velocity and momentum relaxation of electrons in
graphene at zero magnetic field, respectively, and ns is
the electron density. This gives a theoretical estimation
for the edge photocurrent magnitude
|j/I| ∼ |q|α l
2
B
~v0
√
ns
(
τedge
τp
)
. (5)
Equation (5) suggests an overall decrease of the photocur-
rent magnitude with the magnetic field since j ∝ l2B ∝
1/B. Such a decrease is observed in the experiment, see
the data in the inset in figure 3(c) for the magnetic field
range of the quantum Hall regime which is highlighted
by gray background [36] The theoretical estimation fits
to the measured amplitude J/I ∼ 0.2 nA cm2/W, see fig-
ure 2(b), for τedge/τp ∼ 102. The large ratio τedge/τp ∼
102 is not surprising because τedge is determined by the
processes of electron energy relaxation in uni-direction
chiral channels while τp is limited by elastic scattering.
The relaxation of electron excitations in chiral channels
can be caused by the interaction with acoustic phonons.
However, the standard single-phonon processes are sup-
pressed because of the drastic difference in phonon and
electron velocities. The relaxation can be more efficient
in two-phonon processes or supercollisions [37], where
electrons are simultaneously scattered by phonons and
static defects. Another possible mechanism of the relax-
ation involves the tunneling of carriers between the edge
states and the states localized in the bulk of graphene
near its boundary. The microscopic calculation of τedge
is an interesting task for future research.
CONCLUSION
We reported on the observation and study of THz in-
duced edge currents in high mobility exfoliated graphene
in the quantum Hall effect regime. The edge current is
generated by Drude-like absorption of THz photons at
the quantum Hall edge states resulting in a net velocity
of the charge carriers. Unlike the case of zero magnetic
field, the direction of edge photocurrents is only deter-
mined by the sign of the magnetic field and not by the
charge carrier type. All experimental findings, in partic-
ular the dependence on linear polarization, are explained
with the microscopic model developed here. We also de-
termine the edge scattering time to be about two orders
6of magnitude longer than the momentum relaxation time
of bulk carriers at zero magnetic field.
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